It has been reported that fructose force-feeding rapidly induced jejunal Slc2a5 gene expression in rodents. We demonstrate in this study that acetylation at lysine (K) 9 of histone H3 and acetylation at K5 and K16 of histone H4 were more enhanced in the promoter/enhancer to transcribed regions of the Slc2a5 gene in fructose force-fed mice than in glucose force-fed mice. However, fructose force-feeding did not induce acetylation at K14 of histone H3, or at K8 and K12 of histone H4 around the Slc2a5 gene. These results suggest that fructose force-feeding induced selective histone acetylation, particularly of H3 and H4, around the jejunal Slc2a5 gene in mice.
Slc2a5 (solute carrier family 2 member 5), often called glucose transporter 5 (GLUT5), is expressed in the brush-border membranes of small intestinal absorptive cells, where it participates in fructose absorption from the lumen into the enterocytes. Several studies have demonstrated that Slc2a5 mRNA expression was induced within 3-6 h after force-feeding adult rodents with fructose or sucrose, but not with glucose, and that induction occurred at the transcriptional level. 1, 2) Several recent studies have suggested that the induction of gene expression at the transcriptional level was accompanied by chromatin remodeling which is triggered by histone modifications. Multiple lysine or arginine residues in the core histones, particularly H3 and H4, are subject to post-translational modifications, including methylation and acetylation, and many of these modifications are associated with distinct transcription states. 3, 4) Several studies have demonstrated that hyperacetylation of histones H3 and H4 was associated with the euchromatin region of the genome, 5, 6) and induced transcription by recruiting the transcriptional complex on to the target genes. 7) Among several histone modifications that have been identified, acetylation of histone H3 at lysine (K) 9 and K14, and of histone H4 at K5, K8, K12, and K16 are the most extensively studied, because acetylation of these histones is associated with transactivation. [5] [6] [7] These histones are differentially acetylated by histone acetyltransferases (HATs). 8) For example, K9 and K14 of histone H3 are frequently acetylated by the p300/ CBP-associated factor (PCAF), steroid receptor coactivator-1 (SRC-1), and general control of amino acid synthesis 5 (GCN5), although it has been reported that GCN5 preferentially acetylated K14 of histone H3 rather than K9 of histone H3 and any lysine residue of histone H4. 9) The CBP/p300 family of proteins acetylates K14 of histone H3. 10) Regarding histone H4, residues K5 and K8, but not K12 or K16, are acetylated by CBP and p300.
10) It has also been reported that GCN5 and Brd2 respectively bound specifically to acetylated K8 and K12 on histone H4, whereas PCAF and CBP/p300 bound to a broader range of acetylated lysine residues.
11) Acetylation of these sites induces recruitment of the transcriptional complex to the gene. In particular, it has been reported that acetylation of histone H3 at K9 was important for recruiting transcriptional complexes, because conversion from methylation to acetylation at this site induced a change in heterochromatin to euchromatin and subsequent transactivation. 12) However, the biological significance of each acetylated lysine residue remains unknown. We have previously reported that acetylation of histone H3 around the Slc2a5 gene was enhanced in rats by fructose force-feeding. 13 ) However, we did not determine which lysine residue of histone H3 or H4 around the Slc2a5 gene in the mouse jejunum were induced by force-feeding fructose.
We examined in this study whether acute induction of the Slc2a5 gene by fructose force-feeding in adult mice would be associated with increased histone acetylation around the gene. Furthermore, we determined which lysine residues in histones H3 and H4 around the Slc2a5 gene were acetylated by fructose force-feeding.
Materials and Methods
Animals. Twelve male C57BL/6J mice (7 weeks old; Japan SLC, Hamamatsu, Japan) received free access to a high-fat, low-carbohydrate diet (the high-fat diet; 5% energy as -maize starch, 73% energy as maize oil) for 7 d, as previously reported. 2, 14) The animals were reared under a light (7:00-19:00)-dark (19:00-7:00) cycle. The diet was removed from the rats from 0:00 on the day of the experiment until they were decapitated. They were assigned to two groups of 6 each, and subsequently force-fed either a solution of 23.7% fructose or 23.7% glucose in water (1.61 mL/100 g of body weight). Force-feeding was performed twice in a 6-h period at 04:00 y To whom correspondence should be addressed. Tel: +81-54-264-5533; Fax: +81-54-264-5565; E-mail: gouda@u-shizuoka-ken.ac.jp and 07:00. The mice were killed by decapitation between 10:00 and 11:00, and the jejunal tissue was used for determining the Slc2a5 mRNA level. In another experiment, seventeen C57BL/6J male mice of 7 weeks of age were fed the high-fat, low-carbohydrate diet for 7 d, and were then force-fed either a solution of 23.7% fructose (n ¼ 9) or 23.7% glucose (n ¼ 8) in water (1.61 mL/100 g of body weight) for 6 h. The jejunal tissue was collected for an analysis of histone acetylation. The experimental procedures used in the present study conformed to the guidelines of the Animal Usage Committee of the University of Shizuoka.
Preparation of the intestinal samples. The entire small intestine was removed, and the jejunoileum was divided into three segments of equal length. The proximal one-third was flushed twice with an ice-cold 0.9% NaCl solution. A 1-cm segment (100 mg) was excised from the middle region of the jejunal loop, and was immediately used for RNA extraction. The remaining part of the jejunal loop was used for a chromatin immunoprecipitation (ChIP) assay.
Quantitative RT-PCR. Total RNA was extracted by the acidified guanidine thiocyanate method, as described by Chomczynski and Sacchi. 15) Real-time RT-PCR to measure the Slc2a5 and Actb (-actin) levels was performed with a LightCycler 2.0 instrument (Roche Molecular Biochemicals, Tokyo, Japan), as previously described.
13)
The cycle threshold (CT) value of Slc2a5 mRNA was determined by the second derivative maximum method, using LightCycler software, and was converted to the signal intensity relative to Actb by using the ÁÁ method, in which the difference of one cycle between samples was calculated as a 2-fold difference. The PCR primers used were ChIP assay. The mucosa removed from the remaining jejunal loop was incubated with a fixation solution (1% formaldehyde, 4.5 mM HEPES at pH 8.0, 9 mM NaCl, and 0.09 mM EDTA) in phosphatebuffered saline (PBS) for 30 min at 37 C. The reaction was terminated by adding glycine to a final concentration of 150 mM. After being washed in a FACS solution (1Â PBS(À), 2% bovine serum, and 0.05% NaN 3 ), the samples were lysed for 2 h by incubating in a sodium dodecyl sulfate (SDS) lysis buffer (50 mM Tris-HCl at pH 8.0, 10 mM EDTA at pH 8.0, 1% SDS, and 0.5 mM phenylmethanesulfonylfluoride). The samples in SDS lysis buffer were sonicated to prepare appropriately sized DNA (200-500 bp). The ChIP assays were performed by using 2 mg of the antibody of anti-acetyl-histone H3 at K9 (#07-352, Millipore, Burlington, MA, USA), anti-acetyl-histone H3 at K14 (#07-353, Millipore), anti-acetyl-histone H4 at K5 (#07-327, Millipore), anti-acetyl-histone H4 at K8 (#07-328, Millipore), antiacetyl-histone H4 at K12 (#07-595, Millipore), anti-acetyl-histone H4 at K16 (#07-329, Millipore), or control rabbit IgG (Sigma Aldrich, Tokyo, Japan) as previously described.
14) The specificity of each antibody is reported on the Millipore website. Previous studies have reported the validity of these antibodies for detecting acetylated histones by Western blotting. 16, 17) The precipitated DNA was subjected to real-time PCR by using primers for the indicated sites in the promoter/enhancer, transcribed region, and downstream region (Table 1) . PCR amplification was performed by a LightCycler 480 system (Roche Molecular Biochemicals, Tokyo, Japan). The CT value of the ChIP signals detected by real-time PCR was converted to the percentage of each ChIP signal for input DNA, which was calculated by the ÁÁ method, where the difference of one CT value between the CT value for a ChIP signal and the input signals was calculated as a 2-fold change.
Statistical analysis. All experimental values are expressed as the mean AE standard error of the mean (SEM) of each group. The amplification by each primer set is considered as an independent experiment, comparisons between glucose-and fructose-force feeding at each position of the gene being assessed by an unpaired Student's t-test. A level of p < 0:05 is considered to indicate statistical significance.
Results

Effects of fructose force-feeding on the jejunal expression of Slc2a5 in mice
To examine whether the jejunal expression of Slc2a5 would be upregulated in C57BL/6J mice by forcefeeding with fructose but not with glucose, we performed a real-time RT-PCR analysis. The jejunal mRNA expression of Slc2a5 was 10.8-fold higher in mice force-fed with fructose than in those force-fed with glucose ( Fig. 1) .
Effects of fructose force-feeding on the acetylation of histones H3 and H4 around the Slc2a5 gene in mice
We next performed ChIP assays of the jejunum of mice that had been force-fed with fructose or glucose, Values are the mean AE standard error of the mean (SEM; n ¼ 6). Ã p < 0:01, significantly different from the mice force-fed with glucose (Student's t-test).
using antibodies specific for histone H3 acetylated at K9 or K14, or for histone H4 acetylated at K5, K8, K12, or K16. We used primer sets suitable for different parts of the Slc2a5 gene to detect the ChIP signals ( Table 1) . The ChIP signals for normal rabbit IgG were <0.02% per input. Acetylation of histone H3 at K9 in the promoter/enhancer to transcribed regions of the Slc2a5 gene was higher in mice that had been force-fed with fructose than in those force-fed with glucose, while acetylation of histone H3 at K14 was higher at À400 bp and þ1 bp in mice force-fed with fructose than in those force-fed with glucose (Fig. 2) .
Acetylation of histone H4 at K5 and K16 from the promoter/enhancer to the transcribed regions of the Slc2a5 gene was higher in mice that had been force-fed with fructose than in those force-fed with glucose. The acetylation of histone H4 at K12 was higher at À600 bp and 1 bp in mice that had been force-fed with fructose than in those force-fed with glucose. However, acetylation at K8 of histone H4 was not induced by fructose force-feeding (Fig. 3) .
Discussion
A previous study has demonstrated that feeding a high-fructose diet for 1 d induced mRNA and protein levels of slc2a5 in the rat jejunum. 18) In addition, a previous study in our laboratory has demonstrated that fructose force-feeding induced a jejunal slc2a5 mRNA level within 6 h in rats. 1) We confirmed in this present study that a rapid induction of jejunal slc2a5 occurred in mice by the fructose force-feeding. It should be examined in further studies whether the protein level of slc2a5 would also be induced by fructose forcefeeding within 6 h.
Recent studies have suggested that the transcriptional regulation of many genes is modulated by modification to histones H3 and H4. Our previous study had shown in rats that the acetylation of histone H3 around the jejunal Slc2a5 gene was enhanced by fructose force-feeding. 13) A previous study has demonstrated that fructose perfusion in the rat jejunum induced cAMP production as well as the slc2a5 mRNA level. 19) In addition, it has been reported that forskolin, which stimulates adenylate cyclase and raises the intracellular cyclic AMP level, enhanced the fructose uptake and slc2a5 mRNA level in the intestinal Caco-2 cell line. 20) cAMP produced by fructose may therefore induce histone acetylation around the jejunal slc2a5 gene. Further studies should examine the mechanism for the induction of histone acetylation around the slc2a5 gene in the mouse jejunum by fructose force-feeding.
We have demonstrated in the present study that fructose force-feeding induced the acetylation of histones H3 at K9 and H4 at K5/16 in the promoter/ enhancer and the transcribed regions of the jejunal Slc2a5 gene in mice. This result indicates that the acetylation of these lysine residues of histones H3 and H4 was involved in the induction of the Slc2a5 gene by fructose force-feeding in mice. Previous studies have shown that histone H3 at K9 was acetylated by PCAF and SRC-1, 8) and that K9 of histone H3 and K14 of histone H3 were acetylated by GCN5. 9) In contrast, K5 of histone H4 was acetylated by such HATs as CBP/ p300, 10) HAT1, and activating transcription factor 2 (ATF2). 8) K16 of histone H4 was acetylated by such HATs as GCN5 and ATF2. 8) We had demonstrated in our previous study that a high-carbohydrate diet induced the binding of GCN5 to acetylated histones around the genes encoding sucrase-isomaltase, which participates in sucrose digestion in the small intestine, and Slc5a1, which encodes a glucose and galactose transporter in the small intestine. 21) In addition, we have reported that the binding of CBP to acetylated histones around the maltase-glucoamylase gene, which participates in starch digestion in the small intestine, and its expression in the jejunum of mice were enhanced by a high-carbohydrate diet. 22) These HATs, particularly GCN5 and CBP, may therefore be related to the induction of the Slc2a5 gene by fructose forcefeeding. It is therefore important to determine which HATs are recruited on to the Slc2a5 gene after fructose force-feeding. In addition, the diversity of the acetylation of lysine residues on to each gene indicates that different proteins were recruited around the jejunal Slc2a5 gene in a manner that is dependent on the acetylated lysine residues. It has been reported that the acetylated lysine residues of histones bound to bromodomains in proteins. Bromodomains contain such diverse chromatin-modifying enzymes as HATs, HAT-associated proteins, ATP-dependent chromatinremodeling complexes, transcriptional co-activators, and transcriptional co-regulators. 23) Many proteins containing bromodomains have been reported to bind to a broad range of acetylated histones, but some proteins containing bromodomains bind to specific lysine residues. For example, bromodomain protein 2 specifically binds to acetylated K12. 24) However, the biological significance of each histone acetylation site is still unclear. It is therefore necessary to determine which bromodomain proteins bind to each acetylated lysine residue, and which bromodomains recruited to the jejunal Slc2a5 gene are enhanced by fructose forcefeeding in rodents.
It should be noted that the histone acetylation levels around the Slc2a5 gene and the induction by fructoseforce feeding were lower at 10,000 bp from the transcription initiation site (the distal transcribed region) than in the promoter/enhancer (À2000 bp to À200 bp) and proximal transcribed regions (1 bp and 1000 bp). Our previous study has shown that histone acetylation around the rat SI gene was lower in the distal transcribed region and out of gene than in the promoter/enhancer and proximal transcribed regions. 21) Recent studies have demonstrated that histone acetylation in the promoter/ enhancer region was necessary for the transcription initiation step, while that in the proximal transcribed region was necessary for the transcription elongation step. 25, 26) These results indicate that histone acetylation in the promoter/enhancer and proximal transcribed regions would be necessary for inducing the Slc2a5 gene by force-feeding fructose. It should be examined whether HAT recruitment around the mouse jejunal Slc2a5 gene would be different among the promoter/ enhancer, proximal transcribed, distal transcribed regions and out of genes in mice force-fed with glucose or fructose.
In conclusion, we found that acute jejunal expression of Slc2a5 by fructose force-feeding involved inducing the acetylation of histone H3 at K9 and of H4 at K5/16 around the Slc2a5 gene.
